Abstract Seabirds are important components in marine ecosystems. However, knowledge of their ecology and spatial distribution during the non-breeding season is poor. More investigations during this critical period are required urgently, as marine environments are expected to be profoundly aVected by climate change and human activities, with both direct and indirect consequences for marine top predators. Here, we studied the distribution of little auks (Alle alle), one of the most abundant seabird species worldwide. We found that after the breeding season, birds from East Greenland quickly travelled north-east to stay for several weeks within a restricted area in the Greenland Sea. Activity patterns indicated that Xying behaviour was much reduced during this period, suggesting that this is the primary moulting region for little auks. Birds then performed a southerly migration to overwinter oV Newfoundland. These preliminary results provide important information for the conservation of this species and emphasise the need for further studies at a larger spatial scale.
Introduction
The little auk (Alle alle) is a small seabird (»150 g), breeds in the high Arctic and feeds almost exclusively on zooplankton (Stempniewicz 2001) . Given their restricted diet and high energy demand (Harding et al. 2009 ), they are particularly sensitive to local variability in prey abundance (Karnovsky et al. 2010) . The little auk is also the most numerous seabirds in the North Atlantic (Barrett et al. 2006) and therefore a major component in marine ecosystems (Mehlum and Gabrielsen 1995; Karnovsky and Hunt 2002) . Despite its importance, little is known about the distribution and ecology of this species outside the breeding season (Fort et al. 2010a, b) . However, this is critical information given evidence that climate change will be particularly pronounced in the high Arctic (IPCC 2007) , and impacts on the diversity and distribution of zooplankton communities are likely to be major ). In addition, reduction in sea ice extent and duration will allow oil and gas extraction in oVshore areas around both Greenland (Boertmann et al. 2009a, b) and Norway, potentially putting further pressure on little auk populations.
The main objective of this study was therefore to locate important at-sea areas of little auks during the non-breeding period to help understand and predict population responses to changing climate and the potential impacts of oil extraction activities. Geolocators were used to study the migration of little auks at a major colony on the east coast of Greenland, where more than 3.5 million pairs are estimated to be breeding (Kampp et al. 1987 ). In addition, we describe a new analytical approach to optimise the use of geolocator data.
Materials and methods

Deployment and recapture
Geolocators (Global Location Sensor or GLS loggers) are small archival tags that record changes in light intensity over time and are used to estimate the spatial location of wide-ranging animals over long periods (Egevang et al. 2010 Fig. 2 ) and Wtted them with a geolocator (Mk13, British Antarctic Survey; mass = 1.4 g, »1% of adult body mass). Geolocators were attached to tarsus bands using cable ties. In 2007, we observed successful Xedging in 23 of the 30 nests where one of the mates was Wtted with a logger. In total, 11 birds with loggers were observed back at the colony in the year following deployment (2008 n = 7 (23%), 2009 n = 4 (18%)). Ten of these birds were recaptured (2008 n = 6, 2009 n = 4), loggers retrieved and a small amount of blood collected for subsequent molecular sexing (Fridolfsson and Ellegren 1999) . Data were extracted from only Wve of these loggers because of water ingress resulting from mechanical damage or temperature extremes. Data from a sample of control birds captured at other nests at Kap Høegh indicated a return rate of 61% to the nest used the previous year (Jerome Fort unpublished; n = 18). The low recapture rate observed in birds equipped with a GLS logger could be due to lower survival, higher frequency of non-breeding or more changes in nest-site location compared with controls. Little auks recaptured with a logger had a similar body mass to a control group of non-equipped birds (n = 64, Mann-Whitney test, U = 132.5, P = 0.53; all masses measured during late incubation), suggesting that there was no eVect of the logger on body condition in these individuals. Moreover, all recaptured birds were breeding in the year of recapture. In addition, the recapture rate after 1 year following deployments of loggers of a similar size and weight in 2009 was 53% (Fort unpublished) . Therefore, the most likely explanation for the poor recapture rate in our study was that we selected nest sites on the edge of the colony with easy access, which are likely to be suboptimal, resulting in low nest Wdelity.
Analysis of location data
Light-level data were downloaded and decompressed in BASTrack. They were then converted to approximate times of dawn and dusk (transitions) in TransEdit using sunrise and sunset thresholds of 10. On the basis of calibration data collected prior to the deployment of the tags (tag 8379: 19-22 Jun 2008 at 45.5 Deg. N, all other tags: 13-20 Jun 2007 at 55.8 Deg. N) and the threshold of 10, a sun elevation angle of ¡4.7 degrees was estimated. The transitions generated by TransEdit were converted to geographic coordinates in BirdTracker using the estimated sun elevation angle. Coordinates were calculated for both local noon and midnight, and a movement compensation algorithm was applied. The tags were deployed and recovered at high latitude during periods of almost continuous daylight, and for these periods, geographic coordinates could not be calculated. Thus, location data were only available from late August to early May, corresponding to the non-breeding period (Table 1) .
Positions obtained using geolocators are typically associated with mean errors of 185-200 km (Phillips et al. 2004; ShaVer et al. 2005) . As a result, the location data are noisy and the coordinates obtained from the processing described above could not be used directly to determine migration routes and habitat use. For this reason, the raw position data are often smoothed to varying degrees by a moving average calculated over an arbitrarily deWned interval of several days (Phillips et al. 2004; Guilford et al. 2009 ). Instead, we applied a modelling approach, as this in contrast to a simple moving average allows us to formally determine the appropriate degree of smoothing. The longitudes and latitudes recorded by each geolocator were treated as separate response variables in generalised additive models (GAM) using a smooth function of time (decimal days since January 1) as the explanatory variable (Wood 2006) . Thin plate regression splines were used as the basis of the smooth term, and following the recommendation of Kim and Gu (2004) , the basis dimension k was raised from a default of 10 to 10n 2/9 to ensure enough degrees of freedom were available for the smooth term to Wt the relationship. The actual eVective degrees of freedom of the smooth term, and thereby the appropriate smoothness, was estimated from the data by means of generalised crossvalidation (GCV). As GCV is known to have a tendency to over Wt, the penalty on the use of degrees of freedom was increased by setting gamma to 1.4 as suggested by Kim and Gu (2004) . The modelling was performed in R version 2.9.0 (R Development Core Team 2009) using the library mgcv version 1.5-2 (Woods 2008).
For a period of several weeks around the times of equinox, latitudes are unreliable or impossible to determine because of equal day length around the globe. Further, they may exhibit a systematic drift. In the northern hemisphere, this drift most severely aVects the period immediately after the autumn equinox and the period leading up to the spring equinox. Periods when data were unreliable were therefore excluded from our analyses, based on visual inspection of the latitudes obtained from individual loggers (Table 1 , Fig. 1 ). Longitudes are not inXuenced by equinox, and so, all values were retained in the dataset used for the GAM models.
Based on the models, daily predictions of longitude and latitude were made for each bird. To avoid extrapolation and associated uncertainties, predictions were limited to the period from Wrst to last location obtained from each logger.
However, predictions were made across equinoxes when latitudes were not available from the original light-level analysis and results in larger standard errors in these periods. Migration routes of individual birds were reconstructed on the basis of the daily positions predicted using the models. The daily predictions of longitude and latitude were also used as a means of deWning areas of prolonged stay. In a GIS, each predicted position was represented geographically as an ellipse with the centre deWned by the predicted longitude and latitude. The semi-major axis of the ellipse was deWned as 1.96 times the standard error of the prediction of longitude and the semi-minor axis as 1.96 times the standard error of the prediction of latitude. These Since predicted positions of poor precision generate large error ellipses that overlap many cells, each ellipse was weighted so that the 25 £ 25 km cells, which make up the entire ellipse, sum to 1. In this way, a relative measure of duration of stay within each cell is obtained, taking into account the uncertainty associated with the predicted positions. As the cell values are not directly comparable from one bird to another, mapping and comparison are based on percentiles, highlighting the most extreme values for each individual. To further emphasise areas of prolonged stay, the percentiles are only based on cells that are overlapped by more than 1 ellipse (Fig. 2) .
Ship-based seabird survey data
To substantiate the important at-sea areas identiWed through analysis of the geolocator data, we compare the areas with a density map of little auks in the Greenland Sea (Fig. 3) . This density map was produced on the basis of 6 ship-based surveys conducted during the periods 17/8-8/9 1994, 12/8-12/9 1995, 16/7-30/9 2006, 22/8-22/9 2007, 24/7-3/9 2009 and 27/6-16/8 2010 (NERI Seabirds at Sea Database). Methodologically, all surveys were carried out as on-sided line transect surveys following European Seabird at Sea (ESAS) procedures (Tasker et al. 1984; Webb and Durinck 1992) . The survey transects were split into 3 km segments, and for each segment, a density was calculated on the basis of the number of little auks observed, the length of the segment and an eVective search width estimated separately for each survey by means of distance sampling methods (Buckland et al. 2001) . Survey by survey, the segment densities were interpolated to raster grids (resolution 3 £ 3 km) by inverse distance weighting (power 2, radius 15 km), and the density shown in Fig. 3 represent the mean value in an overlay analysis of these grids.
Analysis of activity data
The loggers also check for salt water immersion every 3 s and store the number of positive tests (a value ranging from 0 to 200) at the end of each 10-min period. For each bird, we calculated the daily proportion of dry recordings from the time of deployment to the point in time when the memory allocated to salt water immersion data ran out (in all cases in February or March) and used this as an indicator of changing activity patterns. During the breeding season, little auks spend time in the colony and the end of the breeding season can therefore be identiWed by a clear decline in the proportion of dry recordings. During the non-breeding season, little auks are exclusively at sea. Here, low proportions of dry recordings reXect much contact with sea water (i.e. diving or resting on the surface), whereas high proportions would suggest more Xying activity. However, dry recordings may arise from activities other than Xying (birds lifting their legs out of the water, birds sitting on sea ice) and the proportion of dry recordings in the non-breeding season is therefore not necessarily equal to the proportion of time spent Xying.
Results and discussion
For the Wve tracked birds, the median departure time from the colony, post-breeding, was 8 August (range 25 July-13 August). An unexpected result was that after leaving the breeding colony, all birds quickly travelled north-east to a staging (stopover) area in the Greenland Sea between Jan Mayen and Svalbard. Individuals departed from this region at the beginning of October (Fig. 2) . During this staging period, logger immersion data showed an important drop of the time spent out of water, followed by a short period of low values (Fig. 2) . This period, which lasted in average 22 days (min = 15 days, max = 34 days), most likely corresponds to the moulting period and the highlighted staging area is therefore likely to be the key moulting site for little auks from the Kap Høegh colony and probably also for the rest of the several million breeding little auks around the Scoreby Sund Polynya in East Greenland. Only little information is available concerning the moult of alcids. Previous investigations performed on captive common guillemots showed that birds were Xightless for a period of 4-6 weeks (Birkhead and Taylor 1977) . This is in accordance with our observations on little auks that might become Xightless for a slightly shorter period than guillemots.
Ship-based seabird surveys performed in the Greenland Sea between 1994 and 2010 conWrmed a relatively high density of little auks in this area and far fewer in the region south of Scoresby Sund (including Kap Høegh) during the Wrst months post-breeding (Fig. 3) . Within the staging area deWned by the 50th percentile (Fig. 3) , 97.8% of the little auks recorded during the ship-based surveys in the months of August and September were observed on the sea surface and only 2.2% were Xying (n = 11,279). This supports the theory that the identiWed post-breeding staging area in the Greenland Sea is indeed a moulting area. The surveys indicated that few other bird species besides little auks use the area in the period in question. Only thick-billed murres, northern fulmars and black-legged kittiwakes were observed with some frequency. In an attempt to understand why the little auks use this particular area for moulting, we have analysed remote sensing data on chlorophyll-a concentration and sea surface temperature from OceanColorWeb (http://oceancolor.gsfc. nasa.gov) and sea ice concentration from Ocean and Sea Ice SAF (http://osisaf.met.no). Neither sea surface temperature nor sea ice concentration shows any evident correlation with the moulting area. Chlorophyll-a concentration measured during the spring bloom in June 2007 revealed high primary productivity in the moulting area, but whether this results in proWtable foraging condition for little auks when they arrive in the autumn is unknown.
In early October, all birds performed a southerly migration of up to 2,000 km to their main wintering site. Although most went directly from the staging area to their wintering ground, one bird Wrst went to south-west Greenland where it remained for a month before departing for its main wintering area. The speed of movement of the Wve birds from the presumed moulting area to the wintering area is on average 117.9 km per day (range 88.4-193.0 km per day). This is quite high compared to the speed of movement within the presumed moulting area (17.5, range 10.8-23.0 km per day) and even likely to be considerably underestimated as the detailed movements of the birds are not represented in the modelled paths due to the large errors and the low time resolution in the raw position data. Thus, Xying was probably primary in moving the distance from the presumed moulting area to the wintering area. However, both the speed of movement and the daily proportion of dry recordings from the salt water immersion sensor, which never exceeds 0.5, suggest that quite a bit of time was spent on the water, resting between legs of Xight, feeding or swimming/drifting on the southwards current towards the wintering area. All birds tracked in 2007 spent the winter in pelagic waters far east of the Newfoundland coast (Fig. 2) . In contrast, the bird tracked in 2008 remained oV Iceland from late October to February when the logger stopped recording prematurely (Fig. 2) .
Determining the spatial distribution is essential for understanding and forecasting future impacts of environmental change and anthropogenic activities on marine species. Although our sample size is small, our study provides important new insights into the poorly known ecology of one of the most abundant seabird species worldwide. Most notably, we identiWed for the Wrst time a post-breeding staging area for little auks during their moulting period. Little auks are Xightless during their moult (Gaston and Jones 1998) and therefore may be more vulnerable to any sudden degradation of their environment such as an oil spill or a local decrease in food availability. Further study is now needed to conWrm our results and to determine the importance of this speciWc area. In particular, it is important to better delineate its maximum extent, estimate the number of birds moulting here, what they are feeding at and investigate whether little auks from other colonies in east Greenland or Svalbard use it on an annual basis.
